Recent evidence suggests that reactive oxygen species (ROS), including superoxide, are not only neurotoxic but function as small messenger molecules in normal neuronal processes such as synaptic plasticity. Consistent with this idea, we show that brief incubation of hippocampal slices with the superoxidegenerating system xanthine/xanthine oxidase (X/XO) produces a long-lasting potentiation of synaptic transmission in area CA1. We found that X/XO-induced potentiation was associated with a persistent superoxide-dependent increase in autonomous PKC activity that could be isolated via DEAE column chromatography. The X/XO-induced potentiation was blocked by the inhibition of PKC, indicating that the superoxidedependent increase in autonomous PKC activity was necessary for the potentiation. We also found that X/XO-induced potentiation and long-term potentiation (LTP) occluded one another, suggesting that these forms of plasticity share similar cellular mechanisms. In further support of this idea, we found that a persistent, superoxide-dependent increase in autonomous PKC activity isolated via DEAE column chromatography also was associated with LTP. Taken together, our findings indicate that X/XO-induced potentiation and LTP share similar cellular mechanisms, including superoxide-dependent increases in autonomous PKC activity. Finally, our findings suggest that superoxide, in addition to its well known role as a neurotoxin, also can be considered a small messenger molecule critical for normal neuronal signaling.
Long-term potentiation (LTP) is a long-lasting form of synaptic enhancement that has been postulated to underlie learning and memory mechanisms in the mammalian hippocampus (Malenka and Nicoll, 1999) . The most commonly studied forms of LTP are induced by high-frequency stimulation (HFS), typically one or more trains of 100 Hz stimulation, of the Schaffer collateralcommissural input to CA1 pyramidal neurons. These forms of LTP are dependent on the activation of the NMDA subtype of glutamate receptors (Collingridge et al., 1983) , influx of Ca 2ϩ into the postsynaptic pyramidal neuron (Lynch et al., 1983; Malenka et al., 1988) , and the production of small messenger molecules that, along with Ca 2ϩ , trigger the activation of a number of protein kinase signaling cascades (Roberson et al., 1996; Malenka and Nicoll, 1999) .
One of the small messenger molecules produced after highfrequency stimulation that appears to be critical for LTP is the reactive oxygen species (ROS) superoxide. Evidence consistent with this notion includes the following findings: (1) NMDA receptor activation results in the production of superoxide in hippocampal slices (Bindokas et al., 1996) , (2) cell-permeable scavengers of superoxide block LTP (Klann, 1998) , (3) cellimpermeable scavengers of superoxide strongly attenuate LTP , and (4) hippocampal slices from transgenic mice that overexpress either cytoplasmic superoxide dismutase (SOD-1) or extracellular superoxide dismutase (EC-SOD) exhibit impaired LTP (Gahtan et al., 1998; Thiels et al., 2000) .
In addition, it has been shown that superoxide can interact directly with protein kinase C (PKC), resulting in a persistent increase in autonomous PKC activity (Knapp and Klann, 2000) . This is notable because persistent activation of PKC has been shown to be associated with and necessary for the expression of LTP (Klann et al., 1991 (Klann et al., , 1993 Wang and Feng, 1992; Sacktor et al., 1993; Hrabetova and Sacktor, 1996) .
If a molecule such as a superoxide is to be deemed critical for LTP, then it should fulfill certain criteria (Sweatt, 1999) . These criteria include the ability of the molecule to produce a persistent potentiation in synaptic transmission when added to hippocampal slices (Sweatt, 1999) . Other small messenger molecules that have been shown to meet these criteria are arachidonic acid (Williams et al., 1989) , nitric oxide (Böhme et al., 1991; Zhuo et al., 1993) , carbon monoxide (Zhuo et al., 1993) , and cAMP (Frey et al., 1993) .
In this manuscript we show that brief exposure of hippocampal slices to xanthine/xanthine oxidase (X/XO), a superoxidegenerating system, results in a PKC-dependent, long-lasting potentiation. The X/XO-induced potentiation occludes LTP, which suggests that both types of potentiation share similar cellular signaling mechanisms. Finally, we show that both X/XO-induced potentiation and LTP are associated with a persistent, oxidative activation of PKC. Taken together, these data are consistent with the notion that superoxide can function as a physiological signal-ing molecule and that the oxidative activation of PKC by superoxide is critical for LTP.
MATERIALS AND METHODS
Materials. Xanthine (X), superoxide dismutase (SOD), catalase, and bisindolylmaleimide (Bis) were purchased from C albiochem (La Jolla, CA). 2-Amino-5-phosphonovaleric acid (APV) and DEAE-cellulose were purchased from Sigma (St. L ouis, MO). Xanthine oxidase (XO) was purchased from Roche Molecular Biochemicals (Indianapolis, I N).
Preparation of hippocampal slices and e xtracellular recordings. Hippocampi from male Sprague Dawley rats (100 -150 g) were removed, and 400 M slices were prepared with a McI lwain tissue chopper. The slices were perf used for 1-2 hr with a standard saline solution (in mM: 124 NaC l, 4.4 KC l, 26 NaHC O 3 , 10 D-glucose, 2 C aC l 2 , and 2 MgC l 2 , gassed with 95% O 2 /5% C O 2 , pH 7.4) in an interface tissue slice chamber at 30 -32°C. Responses to Schaffer collateral stimulation in area CA1 were monitored for a minimum of 20 min before either incubation of the slices with X / XO or delivery of LTP-inducing HFS. Test stimuli (50 sec) were given at a current (30 -50 A) that produced 50% of the maximum initial slope of the extracellular field EPSP (fEPSP). Responses to test stimuli were measured every 2.5 min as an average of four individual traces (0.1 Hz).
Measurement of superoxide generated f rom X/XO. The concentrations of superoxide produced by X / XO were determined spectrophotometrically (570 ) by measuring the SOD-inhibitable conversion of nitroblue tetrazolium to diformazan (Halliwell and Gutteridge, 1989) . Similar concentrations of superoxide produced by X / XO were observed when X / XO was present in a test tube and when X / XO was added to slices in a recording chamber.
Application of X/XO to hippocampal slices. To determine whether X / XO exerted an effect on hippocampal synaptic transmission, we monitored baseline responses for 20 min to ensure a stable baseline. Responses then were monitored while the slices were perf used with X / XO, boiled X / XO, or X / XO in the presence of SOD and catalase, usually for 10 min. After washout of the compounds the responses were monitored for an additional 45 min. In one set of experiments the NMDA receptor antagonist APV was present in the perf usate before, during, and after the application of X / XO. In another set of experiments paired pulse facilitation (PPF) was measured at several time points before and after perf usion with X / XO.
Induction of LTP. LTP-inducing HFS consisted of three 1 sec trains of stimuli (100 Hz) given 20 sec apart with the use of a current (60 -100 A) that elicited the maximum fEPSP. Responses to test stimuli were measured every 2.5 min as an average of four individual traces (0.1 Hz) for 45 min after delivery of the final train of HFS. Post-HFS fEPSPs were elicited by the same test stimulation intensity as before delivery of the HFS.
DE A E column chromatography of PKC. Hippocampal slices were frozen on dry ice 2 and 45 min after the washout of either X / XO or LTP-inducing HFS. For slices that were treated with X / XO, the entire hippocampal slice was homogenized in buffer as described previously (Knapp and K lann, 2000) . The homogenates were separated into soluble and pellet fractions via centrif ugation at 45,000 ϫ g at 4°C for 45 min. For homogenates from X / XO-treated slices, the soluble fraction of hippocampal homogenates was applied to a 1 ml DEAE-cellulose column. The column was washed with 3 ml of column buffer (20 mM Tris-HC l, 1 mM EDTA, 100 ng /ml leupeptin, 100 ng /ml aprotinin, and 10 g /ml benzamidine). PKC was eluted in 500 l fractions by the stepwise addition of column buffer supplemented with 0.1 M NaC l, followed by column buffer supplemented with 0.25 M NaC l. The fractions were concentrated and desalted with the use of Microcon-3 ultraf ugation devices (Millipore, Bedford, M A) for 2.5 hr at 4°C.
For the slices that were given LTP-inducing HFS, the CA1 region between the stimulating and recording electrodes was dissected and homogenized in buffer as described previously (Knapp and K lann, 2000) . The homogenates were separated into soluble and pellet fractions as described above, and the soluble fraction of hippocampal homogenates was applied to a 100 l DEAE-cellulose column. The column was washed with 300 l of column buffer, and PKC was eluted in 50 l fractions by the stepwise addition of column buffer supplemented with 0.1 M NaC l, followed by column buffer supplemented with 0.25 M NaC l. The fractions were concentrated and desalted via Microcon-3 ultraf ugation devices for 30 min at 4°C.
PKC activit y assays. Autonomous and cofactor-dependent PKC activity in each preparation was determined by using the selective PKC substrate NG(28-43) as described previously (Knapp and K lann, 2000) .
RESULTS
Xanthine/xanthine oxidase induces a superoxidedependent, long-lasting potentiation of hippocampal synaptic transmission
To determine whether superoxide could induce a long-lasting potentiation of hippocampal synaptic transmission, we incubated rat hippocampal slices with X/XO, a superoxide-generating system (Hille and Nishino, 1995) . We found that a brief 10 min incubation of hippocampal slices with concentrations of X/XO that produced 1-5 M superoxide resulted in a slight but significant depression of synaptic transmission while X/XO was present in the perfusate (fEPSP slope ϭ 85 Ϯ 9% of control, n ϭ 10) (Fig.  1 A) . However, this depression was transient and was followed by a slowly rising potentiation in the slope of the fEPSP, which reached a maximum 35-45 min after the washout of X/XO (fEPSP slope ϭ 159 Ϯ 7% of control, n ϭ 10) ( Fig. 1 A,B) . The potentiation of the fEPSP slope that was induced by X/XO persisted for at least 60 min after reaching the maximum potentiation (data not shown). We observed a similar potentiation in the slope of the fEPSP when hippocampal slices were incubated with concentrations of X/XO that produced 10 M superoxide (fEPSP slope ϭ 170 Ϯ 5% of control, n ϭ 8) (Fig. 1 A) . Incubation of hippocampal slices with higher concentrations of X/XO that produced 50 M superoxide resulted in a more robust transient depression of synaptic transmission while X/XO was in the perfusate (51 Ϯ 7% of control, n ϭ 6) ( Fig. 1 A) . After the transient depression the slope of the fEPSP recovered to baseline, but we observed no long-lasting potentiation 45 min after the washout of X/XO (fEPSP slope ϭ 97 Ϯ 11% of control, n ϭ 6) ( Fig. 1 A) . Thus, potentiation of hippocampal synaptic transmission by X/XO is a concentration-dependent phenomenon. We used concentrations of X/XO that produce 1-5 M superoxide for the remainder of our studies. We also determined whether the X/XO-induced potentiation in hippocampal synaptic transmission was time-dependent. A 5 min incubation of hippocampal slices with concentrations of X/XO that produced 1-5 M superoxide did not result in a transient depression of synaptic transmission while X/XO was in the perfusate (fEPSP slope ϭ 101 Ϯ 8% of control, n ϭ 4) (Fig.  1C) . However, similar to experiments with 10 min incubations of X/XO, we did observe a slowly rising potentiation in the slope of the fEPSP that peaked 35-45 min after the washout of X/XO (fEPSP slope ϭ 136 Ϯ 9% of control, n ϭ 4) (Fig. 1C) . In contrast, a 30 min incubation of hippocampal slices with the same concentration of X/XO produced a transient depression of synaptic transmission while X/XO was in the perfusate (fEPSP slope ϭ 89 Ϯ 6% of control, n ϭ 4) ( Fig. 1 B) , followed by a slowly rising potentiation that peaked 35-45 min after the washout of X/XO (fEPSP slope ϭ 131 Ϯ 9% of control, n ϭ 4) (Fig. 1C) . These results indicate that X/XO-induced potentiation of synaptic transmission can be induced with incubations of X/XO in a range of 5-30 min. We used 10 min incubations for the remainder of our studies.
The X/XO superoxide-generating system also produces hydrogen peroxide. Therefore, we determined whether either superoxide or hydrogen peroxide was responsible for the X/XO-induced potentiation of synaptic transmission. In a subset of experiments in which hippocampal slices were incubated with X/XO, we added either SOD or catalase to remove superoxide and hydrogen peroxide, respectively. As illustrated in Figure 2 A, hippocampal slices incubated with X/XO in the presence of SOD did not exhibit a long-lasting potentiation of the fEPSP 45 min after the washout of these compounds (fEPSP slope ϭ 107 Ϯ 5% of control, n ϭ 8). Hippocampal slices incubated with X/XO in the presence of catalase (Fig. 2 A) did exhibit a long-lasting potentiation of the fEPSP 45 min after the washout of these compounds (fEPSP slope ϭ 136 Ϯ 4% of control, n ϭ 8). However, this increase was not as robust as that observed when slices were treated with X/XO alone, which suggests that hydrogen peroxide is necessary for the full X/XO-induced enhancement of synaptic transmission. Interestingly, the effect of catalase on X/XOinduced potentiation is very similar to the effect of catalase on LTP in mouse hippocampal slices (Thiels et al., 2000) . To ensure that the X/XO-induced potentiation was not attributable to nonspecific effects of XO, we treated slices with X and XO that had been inactivated by boiling. As shown in Figure 2 B, we observed neither a transient depression while X/boiled XO was in the perfusate (fEPSP slope ϭ 96 Ϯ 6% of control, n ϭ 8) nor a slowly rising potentiation after the washout of X/boiled XO (fEPSP slope ϭ 105 Ϯ 5% of control, n ϭ 8). Taken together, these data indicate that, whereas superoxide absolutely is required for X/XO-induced potentiation, hydrogen peroxide also contributes this type of potentiation in hippocampal slices.
Interestingly, the transient depression in synaptic transmission that we observed when hippocampal slices were treated with X/XO alone was blocked in the presence of either SOD or catalase ( Fig. 2 A) . These data suggest that superoxide and hydrogen peroxide are necessary for the transient depression in synaptic transmission that is induced by X/XO. A, X/XOinduced potentiation is superoxide-dependent. Stable baseline responses were recorded for 20 min before the slices were incubated with X/XO and antioxidant enzymes for 10 min (indicated by the bar). Open circles are ensemble averages from slices incubated with X/XO (20 and 2 g/ml) and SOD (25 g/ml). Filled circles are ensemble averages from slices incubated with X/XO and catalase (25 g/ml). Error bars are SEM for eight determinations. When we compared the fEPSP slope 45 min after the washout of X/XO with the fEPSP slope immediately before the addition of X/XO, statistically significant potentiation was observed in the presence of catalase ( p Ͻ 0.001). B, Specificity of X/XO-induced potentiation. Filled squares are ensemble averages from slices incubated with X (20 g/ml) and boiled XO (2 g/ml). Error bars are SEM for eight determinations. C, X/XO-induced potentiation is downstream of NMDA receptor activation. Stable baseline responses were recorded for 20 min before the slices were incubated with X/XO (20 and 2 g/ml) for 10 min either with ( filled triangles) or without (open triangles) the NMDA receptor antagonist APV (50 M) in the perfusate (indicated by the bars). Error bars are SEM for six determinations. There was no statistically significant difference in the potentiation between the groups 45 min after the washout of X/XO ( p Ͼ 0.05 by paired Student's t test).
If an ROS such as superoxide acts as a cellular messenger in LTP, then its actions should be independent of NMDA receptor activation because the application of exogenous superoxide would be downstream of this step in the pathway. Therefore, we examined the effect of APV, an NMDA receptor antagonist that blocks the induction of LTP (Collingridge et al., 1983) , on X/XOinduced potentiation. When hippocampal slices perfused with 50 M APV were incubated with X/XO for 10 min, we observed a transient depression of synaptic transmission while X/XO was in the perfusate (fEPSP slope ϭ 92 Ϯ 5% of control, n ϭ 6) ( Fig.  2C) , followed by the slowly rising potentiation of synaptic transmission (fEPSP slope ϭ 148 Ϯ 13% of control, n ϭ 6) (Fig. 2C) . The potentiation induced by X/XO in the presence of APV was not different from those slices treated with X/XO alone (fEPSP slope ϭ 158 Ϯ 7% of control, n ϭ 6). These results are consistent with the notion that superoxide might act as a cellular messenger downstream of NMDA receptor activation in LTP.
Cell-impermeable scavengers of superoxide have been shown to attenuate LTP , suggesting that superoxide may need to enter the extracellular space after LTP-inducing stimulation. In addition, the incubation of hippocampal slices with X/XO has been shown to result in a superoxide-dependent increase in the release of glutamate (Pellegrini-Giampietro et al., 1988) . Taken together, these data suggest the possibility that X/XO-induced potentiation is expressed presynaptically. Therefore, we examined the effects of X/XO on PPF, a well characterized presynaptic process in which facilitation is revealed when the second of two presynaptic action potentials results in increased neurotransmitter release relative to the response of the first action potential. Therefore, we measured PPF before and after slices were incubated with X/XO. We observed a small but significant increase in PPF (117 Ϯ 6% of control, n ϭ 6) immediately after the washout of X/XO (Fig. 3, top) that coincided with the transient depression induced by X/XO (Fig. 3, bottom) . Interestingly, we observed small but significant increases in PPF that coincided with the slowly rising potentiation both 20 (92 Ϯ 3% of control, n ϭ 6) and 30 min (90 Ϯ 4% of control, n ϭ 6) after the washout of X/XO (Fig. 3) . However, PPF returned to control levels by the time that potentiation stabilized 40 min after the washout of X/XO (Fig. 3) . Taken together, these results suggest that the cellular mechanisms underlying both the transient depression and the initial potentiation induced by X/XO are at least partially presynaptic.
X/XO induces a persistent superoxide-dependent increase in autonomous PKC activity in hippocampal slices
Previously, we have observed a persistent increase in autonomous PKC activity in hippocampal slices exposed to X/XO, which can be isolated via DEAE-cellulose chromatography (Knapp and Klann, 2000) . Once again, we treated hippocampal slices for 10 min with X/XO; 45 min after the washout of X/XO the slices were homogenized and subjected to DEAE-cellulose column chromatography. As has been reported previously, we observed two fractions of cofactor-dependent PKC activity that eluted from the DEAE columns with 0.1 and 0.25 M NaCl salt washes after an application of the soluble fraction of hippocampal homogenates in both control (X/boiled XO) and X/XO-treated slices (data not shown). In addition, we observed a unique peak of autonomous PKC activity that could be eluted with 0.25 M NaCl in X/XOtreated slices, but not in the control slices treated with X/boiled XO (Fig. 4) . We did not observe this peak of autonomous PKC activity when X/XO-treated slices were incubated with SOD (Fig.  4) . The unique peak of autonomous PKC activity induced by X/XO was not affected by incubation with catalase (Fig. 4) . Taken together, these data indicate that X/XO induces a persistent increase in autonomous PKC activity in hippocampal slices that is dependent on superoxide but that is not dependent on hydrogen peroxide.
X/XO-induced potentiation in hippocampal slices is PKC-dependent
Because X/XO can induce a persistent, superoxide-dependent increase in autonomous PKC activity in hippocampal slices in a manner similar to that previously observed in electrically induced LTP , we hypothesized that the X/XOinduced potentiation observed in Figure 1 was PKC-dependent. To test this hypothesis, we added X/XO to hippocampal slices in the presence of 500 nM bisindolylmaleimide I (Bis), a highly selective PKC inhibitor that acts on the catalytic domain of PKC (Toullec et al., 1991) . As shown in Figure 5A , we observed that Bis blocked the X/XO-induced potentiation in synaptic transmission (fEPSP slope ϭ 111 Ϯ 5% of control, n ϭ 8). Therefore, activation of PKC is necessary for X/XO-induced potentiation. It is interesting to note that the transient depression induced by X/XO still was observed in the presence of Bis (Fig. 5A) , which suggests that this type of plasticity is not a manifestation of superoxide-induced stimulation of PKC. Previously, we have investigated the modification of PKC induced by superoxide and determined that the regulatory domain of PKC is required because PKM, the free catalytic domain of PKC, was not stimulated by superoxide (Knapp and Klann, 2000) . If superoxide stimulates PKC by acting on the regulatory domain, then we would expect to observe the superoxide-stimulated peak of autonomous PKC activity eluted from a DEAE column from slices exposed to X/XO in the presence of Bis. As shown in Figure 5B , we observed the expected unique peak of autonomous PKC activity from DEAE columns from slices treated with X/XO in the presence of Bis. This finding suggests that a block of the X/XO-induced potentiation by Bis cannot be attributable to interference with the superoxide-induced stimulation of PKC.
To ensure that Bis could inhibit oxidatively activated PKC, we performed in vitro assays to determine whether Bis could inhibit X/XO-induced increases in autonomous PKC activity. Purified PKC was treated with X/XO as described previously (Knapp and Klann, 2000) in the presence and absence of 500 nM Bis. Treatment of purified PKC with X/XO resulted in increased autonomous enzyme activity (control ϭ 4.23 Ϯ 0.34 pmol/min; X/XO ϭ 18.34 Ϯ 1.67 pmol/min; n ϭ 4) that was inhibited completely by Bis (control plus Bis ϭ 0.19 Ϯ 0.02 pmol/min; X/XO ϭ 0.25 Ϯ 0.07 pmol/min; n ϭ 4). Thus, Bis is able to inhibit oxidatively activated PKC.
X/XO-induced potentiation and LTP share similar cellular mechanisms
If the potentiation induced by superoxide contributes to LTP, then that potentiation should occlude LTP. To test this possibility, we treated slices with X/XO; 60 min after the washout of the X/XO the stimulation intensity was reduced to obtain a new baseline, and HFS was delivered to the slices. Figure 6 A shows that, after potentiation by X/XO, HFS did not result in a significant enhancement of synaptic transmission (fEPSP slope ϭ 108 Ϯ 9% of control, n ϭ 6). However, if X/XO-induced potentiation was blocked by SOD, then HFS elicited LTP (fEPSP slope ϭ 168 Ϯ 8% of control, n ϭ 6) (Fig. 6 B) . We also determined whether LTP could occlude X/XO-induced potentiation. LTP was induced with HFS; 30 min after the last train the stimulation intensity was reduced to obtain a new baseline. Figure  6C shows that, after the establishment of LTP, the application of X/XO to the slices did not enhance synaptic transmission significantly (fEPSP slope ϭ 110 Ϯ 10% of control, n ϭ 6). However, if LTP was blocked by APV, then the application of X/XO to the slices resulted in potentiation (fEPSP slope ϭ 148 Ϯ 8% of control, n ϭ 6). Taken together, the findings in Figure 6 suggest that the X/XO-induced potentiation and LTP share similar cellular mechanisms.
Because X/XO-induced potentiation and LTP are likely to share similar cellular mechanisms, we determined whether LTP was associated with superoxide-stimulated PKC. We delivered HFS to the Schaffer collateral input to area CA1, which resulted in LTP (for 2 min experiments, fEPSP slope ϭ 181 Ϯ 5% of control, n ϭ 5; for 45 min experiments, fEPSP slope ϭ 158 Ϯ 7% of control, n ϭ 5) (Fig. 7A) . We observed a typical elution profile of cofactor-dependent PKC activity from DEAE columns from LTP slices at both 2 and 45 min after the last train of HFS that was not different from control slices (Fig. 7B,C) . However, we detected a unique peak of autonomous PKC activity in LTP slices both 2 and 45 min after the last train of HFS that was not detected in control slices (Fig. 8 A,B) . These data are consistent with the idea that superoxide-induced stimulation of autonomous PKC activity is a biochemical mechanism involved in the induction and expression of both X/XO-induced potentiation and LTP. Figure 5 . Effect of the PKC inhibitor Bis on X/XO-induced potentiation and X/XO-induced increase in autonomous PKC activity. A, X/XOinduced potentiation is PKC-dependent. Stable baseline responses of the fEPSP slope were recorded for 20 min before the slices were incubated with X/XO (20 and 2 g/ml) for 10 min in the presence of the PKC inhibitor Bis (500 nM) as indicated by the bars. Error bars are SEM for eight determinations. When we compared the fEPSP slope 45 min after the washout of X/XO with the fEPSP slope immediately before the addition of X/XO, no statistically significant potentiation was observed ( p Ͼ 0.05 by paired Student's t test) B, X/XO-induced persistent increase in autonomous PKC activity is present after the washout of Bis. Slices were incubated with either normal saline (open circles, n ϭ 5) or X/XO ( filled circles, n ϭ 5) in the presence of Bis as described in A. At the end of the experiment the slices were frozen and homogenized. The soluble fraction of the homogenates was applied to a DEAE column, and PKC was eluted from the column with either 0.1 or 0.25 M NaCl (arrows). Autonomous PKC activity was measured in each fraction as described in Materials and Methods. Figure 4 . Effect of X/XO on autonomous PKC activity isolated from slices with DEAE column chromatography. Slices were incubated with X/boiled XO (open squares, n ϭ 5), X/XO (open circles, n ϭ 5), X/XO ϩ SOD ( filled squares, n ϭ 5), or X/XO ϩ catalase ( filled circles, n ϭ 5) for 10 min, and the incubations were followed by perfusion with normal saline solution for 45 min. Then the slices were frozen on dry ice and homogenized; the soluble fraction of the homogenates was applied to a DEAE column. PKC was eluted from the column with either 0.1 or 0.25 M NaCl (arrows), and autonomous PKC activity was measured in each fraction as described in Materials and Methods.
We performed control experiments to ensure that the unique peak of superoxide-stimulated autonomous PKC activity was specific to LTP. First, we delivered test stimulation to slices with the same number of stimuli as given during HFS, but at low frequency (0.1 Hz). When the soluble fraction of homogenates from these slices was applied to DEAE columns, we did not observe the unique peak of autonomous PKC activity (Fig. 9A) . In addition, we delivered HFS to slices in the presence of either the NMDA receptor antagonist APV or SOD and applied the soluble fraction of homogenates from these slices to DEAE columns. Once again, we did not observe the unique peak of autonomous PKC activity (Fig. 9B,C) . These results indicate that the LTP-associated appearance of superoxide-stimulated PKC that eluted from the DEAE columns cannot be elicited by either lowfrequency stimulation or HFS in the absence of LTP. The results of the APV and SOD experiments also indicate that NMDA receptor activation and the subsequent production of superoxide are necessary to trigger the oxidative activation of PKC.
Because the PKC inhibitor Bis was able to block X/XOinduced potentiation (Fig. 5A) , we asked whether this inhibitor was able to block LTP. As shown in Figure 10 , delivery of HFS in the presence of 500 nM Bis significantly attenuated LTP (fEPSP slope ϭ 122 Ϯ 6% of control, n ϭ 6) compared with control slices from the same animal in which HFS was delivered in the presence of saline (fEPSP slope ϭ 167 Ϯ 5% of control, n ϭ 6). These results are consistent with the idea that the oxidative activation of PKC plays a role in both forms of potentiation.
DISCUSSION
The results presented herein demonstrate that superoxide is necessary for X/XO-induced potentiation in area CA1 of rat hippocampal slices and that this type of potentiation requires superoxide-induced stimulation of autonomous PKC activity. In addition, we have shown that we can isolate superoxidestimulated PKC not only from slices that were incubated with X/XO but also from slices in which LTP was induced. Finally, we have shown that X/XO-induced potentiation and LTP occlude one another. Taken together, these data suggest that X/XOinduced potentiation and LTP share similar cellular mechanisms, including the oxidative activation of PKC.
Previous results from studies on the effects of ROS on synaptic transmission indicate that the role of ROS in modulating synaptic transmission is complex, depending on numerous factors that contribute to the stringency of oxidation. Various ROS with divergent oxidative strengths have been shown to affect synaptic transmission. For example, hydroxyl radical is a stronger oxidant than hydrogen peroxide, which, in turn, is stronger than superoxide (Rice-Evans and Burdon, 1994). In previous studies strong oxidizing conditions that promote hydroxyl radical production were found to inhibit synaptic transmission (Pellmar, 1987; Auerbach and Segal, 1997) . Another factor that influences the stringency of oxidation is the length of oxidant exposure. For example, prolonged (Ͼ55 min) exposure of hippocampal slices to superoxide inhibits synaptic transmission (Pellmar and Lepinski, 1992) . In the studies presented herein, slices were exposed briefly (10 min) to low concentrations (Knapp and Klann, 2000) of ROS. Thus, we have characterized a physiological role for ROS in promoting a long-lasting enhancement in synaptic transmission.
We recently showed that superoxide-dependent stimulation of autonomous PKC activity is achieved via interaction of superoxide with the cysteine-rich zinc finger motif in the regulatory domain of the enzyme (Knapp and Klann, 2000) . In a series of Figure 6 . X/XO-induced potentiation and LTP occlude each other. A, X/XO-induced potentiation occludes LTP. Stable baseline responses of the fEPSP slope were recorded for 20 min before the slices were incubated with X/XO (20 and 2 g/ml) as indicated by the bar. At 60 min after the washout of X/XO the stimulus intensity was reduced (indicated by the down arrow) to match the fEPSP slope before exposure to X/XO. LTPinducing HFS (indicated by the up arrow) then was delivered to the slices as described in Materials and Methods. Additional incubations of the slices with X/XO before HFS did not produce additional potentiation, indicating that the X/XOinduced potentiation was saturated (data not shown). Error bars are SEM for six determinations. B, LTP can be induced after a blockade of X/XO-induced potentiation by SOD. Slices were incubated with X/XO and SOD (25 g/ml) as indicated by the bar. At 60 min after the washout of X/XO and SOD, LTP-inducing HFS (indicated by the arrow) was delivered to the slices. Error bars are SEM for six determinations. C, LTP occludes X/XO-induced potentiation. Stable baseline responses in hippocampal slices were recorded for 20 min before the delivery of LTPinducing HFS as indicated by the up arrow. At 30 min after the last train of HFS the stimulus intensity was reduced (indicated by the down arrow) to match the fEPSP slope before the HFS. Slices then were incubated with X/XO (20 and 2 g/ml) as indicated by the bar. Additional delivery of HFS before incubation of the slices with X/XO did not produce additional potentiation, indicating that LTP was saturated (data not shown). Error bars are SEM for six determinations. D, X/XO can induce potentiation after a blockade of LTP by APV. HFS (indicated by the arrow) was delivered to the slices in the presence of APV (indicated by the bar). At 30 min after HFS the slices were incubated with X/XO as indicated by the bar. Error bars are SEM for six determinations.
biochemical studies we showed that superoxide stimulates autonomous PKC activity via thiol oxidation and the release of zinc from the cysteine-rich zinc finger motifs. Based on the elution profiles of autonomous PKC activity from LTP samples (Fig. 8), it is reasonable to propose that LTP-inducing HFS induces a similar release of zinc from PKC. An obvious question arises: Which PKC isoform is stimulated by superoxide during LTP? PKC isoforms from each PKC subfamily (classical, novel, and atypical) can be stimulated by superoxide (Knapp and Klann, 2000) , and numerous PKC isoforms are present in the superoxide-stimulated DEAE column fraction that elutes with 0.25 M NaCl (our unpublished observations). Thus, the identity of the PKC isoform(s) stimulated by superoxide after the induction of LTP will need to be determined in the future by other means.
In the current studies we focused on the participation of superoxide-stimulated PKC in the potentiation of hippocampal synaptic transmission. However, it is not our intention to imply that PKC is the only signaling enzyme that is affected by ROS such as superoxide during either X/XO-induced potentiation or LTP. There are a number of other effector molecules that are known to be important for synaptic plasticity and that are likely to be modulated by superoxide. For instance, activation of extracellular signal-regulated kinase (ERK) is necessary for LTP (English and Sweatt, 1997) , and ERK activity in hippocampal slices is stimulated by ROS, including superoxide (Kanterewicz et al., 1998) . Tyrosine kinase activity has been shown to be necessary for LTP (O'Dell et al., 1991; Grant et al., 1992; Kang and Schuman, 1995; Lu et al., 1998) , and many tyrosine kinases have been shown to exhibit increased activity in response to ROS (Chan et al., 1986; Scheiven et al., 1993; Guyton et al., 1996) . In addition, superoxide inhibits the activity of the protein phosphatase calcineurin in vitro (Wang et al., 1996) and in cultured hippocampal neurons after electrical stimulation (Bito et al., 1996) . Therefore, it is reasonable to propose that both X/XOinduced potentiation and LTP involve superoxide-dependent increases in ERK activity and/or inhibition of calcineurin in addition to stimulation of autonomous PKC activity.
The notion that multiple signaling cascades must be modulated by ROS for X/XO-induced potentiation is supported by the findings shown in Figure 5 . We found that the PKC inhibitor Bis could block X/XO-induced potentiation (Fig. 5A) . Because superoxide interacts with the regulatory domain of PKC (Knapp Either 2 or 45 min after the final train of HFS the slices were frozen, and the area between the stimulating and recording electrodes was dissected and homogenized. The soluble fraction of the homogenates was applied to mini-DEAE columns, and PKC was eluted with either 0.1 or 0.25 M NaCl (arrows). Cofactor-dependent PKC activity was measured as described in Materials and Methods. B) after the final train of LTP-inducing HFS. Either 2 min (n ϭ 5) or 45 min (n ϭ 5) after the final train of HFS the slices were frozen, and the area between the stimulating and recording electrodes was dissected and homogenized. The soluble fraction of the homogenates was applied to mini-DEAE columns, and PKC was eluted with either 0.1 or 0.25 M NaCl (arrows). Autonomous PKC activity was measured as described in Materials and Methods.
and and Bis inhibits PKC by interacting with the ATP-binding site in the catalytic domain (Toullec et al., 1991) , we hypothesized that superoxide-stimulated PKC activity still should be present in hippocampal slices after the washout of Bis. This hypothesis was found to be correct (Fig. 5B) , indicating that Bis did not interfere with the interaction of superoxide with PKC. Interestingly, we observed no potentiation in synaptic transmission after the washout of Bis (Fig. 5A ). This result suggests that the superoxide-dependent stimulation of PKC activity alone is not sufficient for X/XO-induced potentiation. It is possible that X/XO-induced potentiation requires either the concomitant activation of PKC and ERK or the activation of PKC coupled with the inhibition of a protein phosphatase such as calcineurin.
We have shown that X/XO-induced potentiation is dependent on superoxide (Fig. 2 A) and is occluded by LTP (Fig. 6 A) . Taken together, these findings suggest that LTP, like X/XO-induced potentiation, is dependent on superoxide. This idea is supported further by previous findings showing that cell-permeable scavengers of superoxide block LTP (Klann, 1998) , cell-impermeable scavengers of superoxide strongly attenuate LTP , and slices from mice that overexpress either SOD-1 (Gahtan et al., 1998) or EC-SOD (Thiels et al., 2000) exhibit deficient LTP. Thus, it is now critical to determine the source of superoxide production after LTP. Possible sources of LTPdependent superoxide production that have been suggested include arachidonic acid metabolism, nitric oxide synthase, and the mitochondrial electron transport chain (Thiels et al., 2000) . Another possibility is endogenous XO. There is evidence for XO activity being present in brain tissue (Markley et al., 1975) and from synaptosomal preparations (Deliconstantinos and Villiotou, 1996) . However, we found that the incubation of hippocampal slices with X/boiled XO did not result in long-lasting potentiation, which suggests that endogenous XO is not capable of producing sufficient superoxide for LTP in hippocampal slice preparations. This finding also indicates that nonspecific effects of xanthine cannot account for X/XO-induced potentiation.
Another candidate enzyme for superoxide production during LTP is NADPH oxidase. This enzyme is a heterotetramer of cytosolic and membrane-associated proteins that can be activated by the small G-protein Rac1 (Shatwell and Segal, 1996) . The expression of NADPH oxidase originally was characterized in phagocytic neutrophils of the immune system (Shatwell and Segal, 1996) . However, there is evidence that NADPH oxidase and Rac1 also are expressed in the brain and, in particular, the hippocampus (Olenik et al., 1997; Mizuki et al., 1998) . Interestingly, Rac1 is one of the proteins that has been shown to be associated with NMDA receptor multiprotein complexes (Husi et al., 2000) , making it a candidate for regulation after the induction of LTP. It remains to be determined whether the cytosolic and/or membrane-associated NADPH oxidase proteins also are associated with NMDA receptor multiprotein complexes. Figure 9 . The LTP-associated unique peak of autonomous PKC activity is NMDA-and superoxide-dependent. Shown are elution profiles of autonomous PKC activity from control slices and slices that were given test pulses ( A), slices in which HFS was delivered in the presence of APV ( B), and slices in which HFS was delivered in the presence of SOD ( C). In each panel, n ϭ 5. In addition to the role that superoxide plays in hippocampal LTP, superoxide also appears to be necessary for hippocampusdependent learning and memory. For example, mice that overexpress EC-SOD were shown to have deficits in their ability to execute the eight-arm radial maze task (Levin et al., 1998) and in contextual fear conditioning (Thiels et al., 2000) . Moreover, mice that overexpress SOD-1 were shown to have deficits in their ability to learn the spatial version of the Morris water maze task (Gahtan et al., 1998) . Overall, these findings are consistent with superoxide signaling being a necessary component of hippocampus-dependent learning and memory. It will be of great interest to determine whether the superoxide-stimulated autonomous PKC activity associated with X/XO-induced potentiation and LTP also can be isolated in hippocampal lysates from rats that have acquired either contextual fear conditioning or various types of spatial tasks.
A number of our findings suggest that X/XO-induced potentiation and LTP share similar cellular mechanisms. This is supported by the following findings: (1) X/XO-induced potentiation and LTP occlude one another; (2) X/XO-induced potentiation and LTP are associated with superoxide-dependent increases in autonomous PKC activity; (3) the magnitudes of X/XO-induced potentiation and LTP are reduced by the PKC inhibitor Bis. However, several of our findings point to differences in these forms of potentiation. First, the onset of X/XO-induced potentiation is much slower than LTP (compare Figs. 1 A, 7A ), similar to previous experiments with other small messenger molecules that can induce potentiation (Zhuo et al., 1993) . Second, PPF is altered during the initial, slowly rising phase of X/XO-induced potentiation (Fig. 3) , a result that is not observed consistently with LTP (for review, see Malenka and Nicoll, 1999) . Finally, the PKC inhibitor Bis blocked X/XO-induced potentiation (Fig. 5A ) but only attenuated LTP (Fig. 10) . Taken together, these results suggest that cellular signaling mechanisms underlying X/XOinduced potentiation and LTP are similar, but not identical.
In closing, our studies demonstrate that superoxide can produce a persistent potentiation in synaptic transmission when added to hippocampal slices and that this potentiation shares similar cellular mechanisms with LTP. Thus, superoxide should be added to the list of small messenger molecules that are necessary for hippocampal LTP.
